We present a survey of single-cell whole-genome amplification (WGA) methods, including degenerate oligonucleotide-primed polymerase chain reaction (DOP-PCR), multiple displacement amplification (MDA), and multiple annealing and looping-based amplification cycles (MALBAC). The key parameters to characterize the performance of these methods are defined, including genome coverage, uniformity, reproducibility, unmappable rates, chimera rates, allele dropout rates, false positive rates for calling singlenucleotide variations, and ability to call copy-number variations. Using these parameters, we compare five commercial WGA kits by performing deep sequencing of multiple single cells. We also discuss several major applications of single-cell genomics, including studies of whole-genome de novo mutation rates, the early evolution of cancer genomes, circulating tumor cells (CTCs), meiotic recombination of germ cells, preimplantation genetic diagnosis (PGD), and preimplantation genomic screening (PGS) for in vitrofertilized embryos.
, and consequently one needs to determine the distribution rather than the average of a large ensemble of cells.
Changes in the genome of a single cell include single-nucleotide variations (SNVs) and structural variations, which result in copy-number variations (CNVs). SNVs are single-base insertions, deletions, or mutations, either transitions (e.g., C→T, A→G) or transversions (e.g., A→T, C→G). Structural variations are genomic rearrangements, including insertions or deletions (indels), duplications, inversions, and translocations. Structural variations at large genome scales are linked to CNVs. Because of technical difficulties (chimeras; see below), structural variations are difficult to observe at the single-cell level, whereas CNVs ranging in size from hundreds of kilobases to megabases can be detected relatively easily.
The copy number of a particular gene in a human somatic cell is normally two because of the two alleles (one from each parent). Although it had long been known that gene copy numbers could deviate from two in humans, genome-wide measurements of CNVs (27, 56) prompted extensive investigations of the biology and clinical consequences of CNVs, which often result from double-strand breaks that cannot be repaired perfectly (21) .
We note that epigenetics (e.g., the methylation of DNA) represents another type of genomic change. The single-cell methylome has been determined (19) , but this topic is beyond the scope of our review.
Advances in next-generation DNA sequencing technologies have enabled individual human genomes to be sequenced at affordable costs (4, 43, 69, 72) . With the development of single-cell whole-genome amplification (WGA) techniques-i.e., amplification of all DNA molecules after the cell has been lysed-single-cell genomics has emerged as an exciting field of its own. In this article, we review the principles and compare the performance of the existing methodologies for single-cell WGA. We note that, in parallel with single-cell genomics, single-cell transcriptomics has seen rapid developments as well; these techniques are beyond the scope of this article, and we refer readers to other recent reviews for more information (55, 57, 60) . We provide examples to illustrate the utility of single-cell WGA in biomedical applications, including fundamental research on genome stability and the biology of meiosis, as well as clinical perspectives for cancer diagnosis and reproductive medicine.
SINGLE-CELL WHOLE-GENOME AMPLIFICATION METHODS
Although sequencing individual DNA molecules with lengths of thousands of bases has become possible (20) , currently there is not a method that can collect and sequence all DNA fragments from a single cell. Therefore, sequencing an entire genome of a cell requires WGA. Given the trace amount of DNA from a single human cell (a few picograms), extreme care should be taken to avoid contamination. Indeed, a major difficulty in single-cell genomics is substantial contamination from the environment and operators. Our experience is that WGA should be conducted in a dedicated clean room with controlled air pressure and quality. As such, the bacterial contamination can be controlled below 0.1% of the amount of DNA in a human cell (78) . Alternatively, microfluidic devices can be used to minimize contamination (14, 31, 68) , which is particularly important for WGA of a bacterial cell.
Regardless of whether the WGA is done in a polymerase chain reaction (PCR) tube or a microfluidic device, the chemistry is the most important aspect. Several different chemistries are available for single-cell WGA, and here we review three major ones: the degenerate oligonucleotideprimed polymerase chain reaction (DOP-PCR) (61), multiple displacement amplification (MDA) (12) , and multiple annealing and looping-based amplification cycles (MALBAC) (78) .
Degenerate Oligonucleotide-Primed Polymerase Chain Reaction (DOP-PCR)
PCR has had a major impact on biology and medicine in the past 30 years (54) . It offers singlecopy sensitivity-that is, a single copy can generate a signal detectable by PCR. To detect the existence of one mutation in a particular gene, one can design a PCR primer to amplify the gene locus. Attempts have been made to use PCR to amplify the entire genome using a set of random primers. Primer extension preamplification PCR (PEP-PCR) was among the first single-cell WGA methods used (3, 45, 77) , followed by the more widely adopted DOP-PCR (61) (Figure 1 
Figure 1
Schematic of the degenerate oligonucleotide-primed polymerase chain reaction (DOP-PCR), which uses degenerate oligonucleotide primers for whole-genome amplification (45) . Additional abbreviation: ssDNA, single-stranded DNA.
The principle of DOP-PCR is to use degenerate primers containing a random six-base sequence at the 3 end and a fixed sequence at the 5 end. For the initial amplification, the random primers bind to the DNA template at a low annealing temperature (∼30 • C). Strand extension is then achieved at a raised temperature. During the second stage of PCR amplification, the previous products are amplified with a primer targeting the 5 fixed sequence at a higher annealing temperature. The concentrations of the primers and polymerase directly affect the result of DOP-PCR. DOP-PCR has been used to amplify picogram quantities of human genomic DNA for genotypic analyses (7) .
DOP-PCR often yields low genome coverage, which is pertinent to the exponential amplification of PCR. Any small differences in the amplification factors among different sequences are exponentially enlarged, which causes overamplified regions and underamplified regions in the genome and hence results in low coverage. Although lacking completeness in accessing the whole genome, DOP-PCR can be well suited for measuring CNVs on a large genomic scale with large bin sizes (1 million bases) (47) .
Multiple Displacement Amplification (MDA)
MDA was developed in 2001 by Lasken and coworkers (12) using a random hexamer as a primer and φ29 DNA polymerase, a highly processive DNA polymerase (5) with strong strand displacement activity. φ29 has a high replication fidelity because of its 3 →5 exonuclease activity and proofreading activity (17, 51) . Under isothermal conditions, MDA extends the random primers and produces branched structures, which are extended by other primers and eventually form multibranched structures (Figure 2) . The DNA fragments are 50-100 kb long.
MDA offers much higher genome coverage than DOP-PCR. However, like DOP-PCR, MDA is an exponential amplification process. This results in sequence-dependent bias, causing overamplification in certain genomic regions and underamplification in other regions. However, such sequence-dependent bias of MDA is not reproducible along the genome, rendering normalization infeasible and CNV determination less accurate. Nevertheless, MDA has been widely applied since its invention (37) . Schematic of multiple displacement amplification (MDA). Random primers are used for isothermal amplification with φ29 DNA polymerase, which has strong strand displacement activity (35) . 
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Figure 3
Schematic of multiple annealing and looping-based amplification cycles (MALBAC). Random primers with a fixed sequence are used in a temperature cycle in which only the original genomic DNA and semiamplicons are linearly amplified, and full amplicons are protected from further amplification by the formation of DNA loops owing to the complementarity of the fixed sequences at the 3 and 5 ends. The DNA loops are polymerase chain reaction (PCR) amplified at the final stage (78) . Here, m is the number of temperature cycles (m = 0 ∼ 10), and n is the number of primers bound; (m + 1) × n is the number of semiamplicons present at the mth cycle, and m × n 2 is the number of full amplicons generated in the mth cycle.
Multiple Annealing and Looping-Based Amplification Cycles (MALBAC)
MALBAC was first reported in 2012 by Zong et al. (78) for single-cell WGA; this method has the unique feature of quasi-linear amplification, which reduces the sequence-dependent bias exacerbated by exponential amplification. It has recently been applied to single-cell transcriptome measurement as well (6) . The key to MALBAC is to not make copies of copies, and instead make copies only of the original genomic DNA by protecting the amplification products (Figure 3) . The specially designed MALBAC primers have a common 27-nucleotide sequence at the 5 end and 8 random nucleotides at the 3 end, which can evenly hybridize to the template when the temperature is lowered (to [15] [16] [17] [18] [19] [20] • C). At the beginning, semiamplicons with variable lengths (0.5-1.5 kb) are made when the temperature is elevated (to [70] [71] [72] [73] [74] [75] • C). The semiamplicons are melted off from the templates (at 95
• C), from which full amplicons are made with complementary ends, causing the formation of hairpins when the temperature is lowered (to 58
• C), preventing their further amplification. This cycle is repeated 8-12 times. The quasi-linear amplification at these first few cycles is critical for avoiding the sequence-dependent bias exacerbated by exponential amplification.
MALBAC uses a thermally stable DNA polymerase with strand displacement activity. This important preamplification stage is then followed by exponential amplification of the full amplicons by PCR, generating the amount of DNA required for next-generation sequencing.
MALBAC is not free from sequence-dependent bias. However, unlike MDA, MALBAC's sequence-dependent bias is highly reproducible along the genome from cell to cell. Therefore, signal normalization for noise reduction can be carried out in determining CNV.
By virtue of its quasi-linear amplification, the major advantages of MALBAC are (a) the accuracy in CNV detection, especially after signal normalization with a reference cell (see below), and (b) more importantly, its low allele dropout rate associated with its WGA uniformity. One weakness of MALBAC is that it has a high false positive rate for SNV detection because the DNA polymerase used so far has a lower fidelity than the φ29 polymerase. Another weakness is that underamplified regions of the genome are sometimes lost during amplification and cannot be accessed owing to the reproducible sequence-dependent bias (36) .
Characterization and Comparison of Whole-Genome Amplification Methods
It is necessary to provide a critical comparison of different WGA methods. Here we choose key features to compare, such as coverage, uniformity, reproducibility, allele dropout rate, false positive rate, chimera rate, and unmappable rate, as defined below. We compared the performance of five commercial single-cell WGA kits that use one of the three methods discussed above: the SigmaAldrich GenomePlex Single Cell Whole Genome Amplification Kit (DOP-PCR), the Qiagen REPLI-g Single Cell Kit (MDA), the General Electric (GE) illustra Single Cell GenomiPhi DNA Amplification Kit (MDA), the Yikon Genomics Single Cell Whole Genome Amplification Kit (MALBAC), and the Rubicon Genomics PicoPLEX WGA Kit (MALBAC-like).
De Bourcy et al. (11) recently compared several WGA methods for single-cell analyses of Escherichia coli. For mammalian cells, issues related to CNVs and heterozygosity of alleles are germane to genomic analyses, which prompted us to perform a comparison of human cells. We note that human cancer cell lines often exhibit aneuploidy, which seriously complicates analyses of genome coverage and allele dropout rate. Here, we chose a diploid human cell line, BJ primary human foreskin fibroblast. The lack of aneuploidy of this cell line makes it an ideal system to characterize amplification performance.
To perform this comparison, we amplified five single-cell replicates and sequenced to exclude cells in metaphase (in which DNA is replicated). The amplified DNA products from each cell were fragmented by sonication to ∼250 base pairs. The sequencing libraries were prepared by using the NEBNext Ultra DNA Library Prep Kit before sequencing on an Illumina HiSeq X Ten platform with 150-base paired-end reads. Table 1 summarizes our characterization of key parameters that are defined and discussed below for the five tested kits for DOP-PCR, MDA, and MALBAC. Below, we define the parameters used in the comparison and present and discuss the results.
Coverage. At this point there
is not yet a complete human genome sequence-even the reference genome has gaps. In comparing the genome coverage of single cells with different WGA kits, we used the bulk sequencing without amplification at 30× depth as the reference and assumed it has 100% coverage.
The comparison was done using the total raw data of 80-100 Gb (30×) for each cell ( Table 1) . The single-cell sequencing data from certain kits have a large fraction of unmappable reads, which is of course undesirable. Comparison at identical sequencing depths would be impractical because of the high cost. Considering that the coverage is dependent on the actual sequencing depth, Figure 4 gives the genome coverage of the single cells referenced to the bulk as a function of the effective sequencing depth. The low effective sequencing depth for the Sigma-Aldrich DOP-PCR kit was mainly due to the high number of universal adapter reads. For Rubicon's MALBAC-like kit, in addition to the primer and adapter reads, the high number of unmappable reads includes large contributions from the small DNA fragments (<30 base pairs) inserted into the sequencing adapters, which were too short to be mapped to the human reference genome. The coverage of Qiagen's MDA kit is higher than that of Yikon's MALBAC kit, which we believe may result from MDA's lack of reproducibility of the sequence-dependent bias for the two different alleles in the diploid cell. Genome coverage versus effective sequencing depth for the five commercial single-cell whole-genome amplification kits. Suffice it to say that MDA and MALBAC kits have comparable levels of coverage, both of which are significantly higher than the coverage of DOP-PCR.
Uniformity. Uniform amplification is important for accurate measurements of CNV. Figure 5a shows the raw read density of 23 chromosomes, clearly illustrating the sequence-dependent bias along the genome. The variation is at the 100-kb scale.
If the variation along the genome is the same from cell to cell, then a normalization factor can be calculated by averaging the read density of several cells in each bin and using this to normalize the single-cell data. If the purpose of the investigation is to measure CNV, then reference cells without aneuploidy should be chosen. Figure 5b shows the data normalized by the average of three cells with no aneuploidy.
We characterize the uniformity by coefficients of variation of the read density (the genomewide standard deviation divided by the mean). The normalization is done by the average of a few reference cells (as in Figure 5b ) in a certain bin size (200 kb). Figure 6a shows the uniformity comparison of the five kits.
It is evident from Figure 5a that, of the five methods, DOP-PCR gives the flattest CNV raw data without normalization. MDA creates variations along the genome that are not reproducible from cell to cell and cannot be smoothed via normalization. MALBAC's sequence-dependent bias is reproducible from cell to cell, giving the flattest CNV after normalization.
Reproducibility. Reproducibility is important in single-cell measurements, and measurement noise needs to be minimized. We use Pearson's cross-correlation coefficient of the read densities along the genome between two identical cells to characterize the reproducibility. Figure 6b shows our measurements of the cell-to-cell reproducibility of a WGA method by the cross-correlation coefficients for different WGA methods. It is apparent that the reproducibility of DOP-PCR and MALBAC kits is better than that of MDA methods that exhibit stochasticity in WGA.
Allele dropout rate. The allele dropout rate is one of the most important characteristics of WGA, particularly for medical applications. Allele dropout arises from uneven WGA, which needs to be minimized. If a diploid cell has a heterozygous mutation, the lack of amplification in one of the two alleles causes allele dropout (Figure 7a ). Allele dropout is the primary cause of false negatives of SNV calling. The allele dropout rate is measured by the ratio of the detected and the actual heterozygous SNVs in a single cell. The latter is approximated by the bulk measurement of identical cells. Figure 6c shows our measurements of the allele dropout rates of the five kits. It is evident that the MALBAC methods have lower allele dropout rates than the other WGA methods. Comparison of key parameters of the five commercial single-cell whole-genome amplification kits, using data generated from three single cells from the BJ primary human foreskin fibroblast cell line. depth, WGA errors often dominate, occur during the first or second cycle of exponential amplification, and are dependent on the error rate of the DNA polymerase (Figure 7b) . Figure 6d compares the false positive rates of the WGA kits. The Qiagen and GE kits perform better than the MALBAC approaches, mainly because of the higher accuracy of the φ29 polymerase in the former. Chimera rate. Chimera formation is an artifact of WGA that generates reads that can be mapped to different parts of the genome that are not physically linked (Figure 7c) . It prevents the identification of true structural variations, and single-cell structural variations are still challenging to detect owing to this technical problem. The chimera rate is defined as the percentage of reads that exhibit improper connections in the reference genome, i.e., those that show an abnormal fragment size or indicate interchromosomal connections. Figure 6e shows the chimera rates of the WGA kits. The chimera rates of the Sigma-Aldrich and Rubicon kits are much higher than those of the other kits.
Unmappable rate. The unmappable rate is the probability that junk sequences are generated in the WGA process, which can arise from the formation of primer dimers, short DNA fragments, and/or nonspecific incorporations. A large fraction of unmappable reads reduces the cost effectiveness of genome sequencing and the completeness of the genome coverage. Figure 6f shows the unmappable rates of the WGA kits. The Qiagen and Yikon kits showed the lowest unmappable rates. We would like to point out that all of the comparisons described above were done using the existing kits available to us and that each would improve with time. As important as the specific results is how we performed the comparison. It is fair to say that each method or kit has its own advantages and disadvantages, and that selection should be based on specific applications.
For accurate CNV determination, DOP-PCR and MALBAC kits offer the highest reproducibility and lowest coefficients of variation. MALBAC kits and Qiagen's MDA kit are well suited for simultaneous measurements of SNVs and CNVs. For calling de novo SNV, the false negative and false positive rates need to be considered. Yikon's MALBAC kit has the lowest false negatives (the allele dropout rate), while Qiagen's MDA kit has the lowest false positive rate. When cost effectiveness is considered, a low unmappable rate is desirable for high effective coverage. We performed our comparison using small sample tubes instead of microfluidic devices; the performance parameters might change under microfluidic conditions and might be different for bacterial (small) and human (large) genomes. Although expensive, a similar comprehensive comparison of the chemistries for human genomes would be worth doing under microfluidic conditions.
STUDY OF GERM CELLS
Phasing of Human Genomes with Single-Cell Genomics
One central goal of human genetics is to characterize the genetic variations of individual human beings and study their correlations with function-related traits (1, 44). Human genomes are diploid in nature, and human genes often contain multiple coding and regulatory elements with variations among different populations. Different phenotypic consequences can often arise depending on whether the genetic variations are associated on the same chromosome (in cis) or on opposite homolog chromosomes (in trans) (2, 62) . One example is the phenomenon of compound heterozygosity (28, 66) , in which the two heterozygous nonsynonymous mutations in a certain gene could result in either one normal version (as in cis) or no normal version (as in trans) of the gene. A complete understanding of genetic variations and their consequences in human diseases cannot be obtained without resolving the combination of genetic variations at different loci on the same chromosome-that is, the haplotypes (16, 29) . Without the haplotype information, the description of individual human genomes is incomplete, and the functional interpretation can be error prone.
However, owing to the limited read lengths of the currently available sequencing techniques, it is often challenging to separate the two homolog chromosomes in genetic analyses to obtain the association information between the genetic variations. Molecular cloning technologies have been developed for phasing individual genomes (33, 38, 59, 76) . However, the cloning procedures are often lengthy and labor intensive and therefore may not be scalable with the increasing demand for individual genome sequencing.
Single-cell genome sequencing provides an alternative way to obtain phasing information on human individuals. Individual metaphase chromosomes have been isolated from actively dividing cells by techniques such as laser microdissection (41), microfluidics (14) , or flow cytometry (74) before being whole-genome amplified and genotyped to obtain the association information for genetic variations on individual chromosomes. Peters et al. (50) further developed a low-cost DNA haplotyping process by diluting genomic DNA into 384 wells, each containing subcellular-level genomic DNA. DNA molecules from each well were then separately whole-genome amplified and sequenced to obtain the phasing information. Hou et al. (24), Kirkness et al. (32) , and Lu et al. (40) used whole-genome-amplified individual germ cells for haplotype analyses, further increasing the haplotype block size to the chromosome-spanning level (Figure 8) . These two categories of haplotyping approaches do not require molecular cloning, cell culturing, or sophisticated instrumentation for chromosome isolation, potentially enabling haplotype-resolved comprehensive genetic studies and clinical applications in the near future.
Study of Meiotic Recombination in Human Germ Cells
Meiotic recombination is essential to the proper segregation of homolog chromosomes, which results in the exchange of genetic information through crossover events and creates diversity for evolution (8) . Abnormality in generating crossovers of homolog chromosomes is the leading Phasing the genome of an individual using the single-nucleotide variation (SNV) linkage information from his single sperm cells. The diploid genome was sequenced and found to contain five heterozygous singlenucleotide polymorphisms (SNPs), with unknown linkage information shown in purple. Individual sperm cells were then sequenced via whole-genome amplification using the multiple annealing and looping-based amplification cycles (MALBAC) method, from which SNP linkage information in each sperm was used to phase the individual's diploid genome. The light blue "T" is a whole-genome amplification or sequencing error; the black "x" represents a crossover in recombination, the switching point between the paternal and maternal DNA. cause of miscarriage and birth defects (13) . Population analyses such as linkage disequilibrium and pedigree studies are widely used in studying the highly uneven pattern of meiotic recombination across the human genome. However, population analyses yield results that are averaged among individuals and affected by evolutionary pressures, therefore often masking the quickly evolving or individual-specific features of the recombination-active regions (23, 30, 34) . Single-germ-cell genome sequencing offers a novel approach for studying meiotic recombination at the level of individual human beings. Each germ cell is unique in genome construction because of the differences in recombination, and sequencing multiple single germ cells from an individual allows investigators to map individual recombination events and study germline genome instability. Single-cell studies have been published using donor sperm (40, 68) as well as oocytes (24) for mapping recombination in individual human beings. Wang et al. (68) utilized a microfluidic device to separate and sequence single sperm, thereby mapping the recombination distributions and studying the gene conversion and de novo mutation events of an individual. Lu et al. (40) sequenced ∼100 single sperm cells using the MALBAC method and mapped the recombination events of an individual at high resolution (Figure 9 ). This study revealed the correlation of a decreased crossover frequency with an increase of autosomal aneuploidy rate from human sperm, recapitulating the importance of meiotic crossover in maintaining genome stability in germ cells. 
Figure 9
Crossovers between paternal ( green) and maternal (red ) DNA in the 23 chromosomes of a sperm cell. Hou et al. (24) utilized the first and the second polar bodies of individual oocytes to determine the crossover maps of female individuals and to study the chromatid interference effect in oocytes. This study also utilized the information of the two polar bodies to deduce the genomes of the oocyte pronuclei, enabling noninvasive preimplantation genetic diagnosis (PGD) and preimplantation genomic screening (PGS) for in vitro-fertilized embryos (Figure 10 ).
Preimplantation Genetic Diagnosis and Genomic Screening in In Vitro Fertilization
In vitro fertilization is a technique of assisted reproductive technology by which an egg is fertilized by sperm outside the human body. The fertilized egg is cultured in vitro for 2-6 days before being implanted into the uterus with the intention of creating a successful pregnancy. Nucleic acid Deduction of viability for preimplantation genomic screening for in vitro fertilization. (a) A human oocyte with homologous recombination between the paternal (blue) and maternal (red ) DNA (only one chromosome is shown). Upon fertilization with a sperm cell, the first and second polar bodies, which are dispensable for embryo development, can be safely biopsied by a micropipette, subject to whole-genome amplification with multiple annealing and looping-based amplification cycles (MALBAC). By sequencing the two polar bodies or a few cells in the blastocyst stage of the embryo, one can avoid chromosome abnormality (middle case) as well as undesirable point mutations from a disease-carrying parent (right case) and increase in vitro fertilization's successful rate for healthy babies (left case). (b) Deduction of the copy number of chromosomes from a female pronucleus based on its two polar bodies. The deduction is based on the fact that the total number of four chromatids is conserved, which was verified by sequencing the female pronucleus with the donor's consent. Panel adapted from Reference 24. materials obtained from the in vitro-fertilized embryos can be used to perform PGD and PGS to avoid the inheritance of pathogenic mutations and chromosome abnormalities, respectively. PGD/PGS can be performed on the two polar bodies of the oocytes, one of the blastomeric cells from day-3 embryos, or several trophectoderm cells from day-5 blastocyst embryos, in which only one or a few cells can be obtained for PGD/PGS purposes. Performing WGA on these materials enables comprehensive chromosome analyses on various genome analytical platforms, such as a comparative genomic hybridization array (52), single-nucleotide polymorphism (SNP) array (63) , or multiplex quantitative PCR (65) . The rapid development of high-throughput sequencing techniques further reduced the cost and increased the precision and resolution of chromosomelevel PGD/PGS (24, 26, 71) . Treff et al. (64) utilized targeted high-throughput sequencing to perform PGD of monogenic disease, and efforts were made to perform both point mutation PGD and chromosomal PGS in the same embryo (10, 58) . By using MALBAC next-generation sequencing, we were able to report a fully integrated pipeline for combined monogenic PGD and chromosomal PGS and a live birth free of a specific pathogenic mutation carried by the child's parents (22) . We envision that the advancement of WGA techniques will enable clinical trials with fully integrated pipelines for combined monogenic PGD and chromosomal PGS in the near future.
STUDY OF GENOME EVOLUTION IN CANCER
Cancer is a genomic disease (67) . Recent advances in single-cell WGA methods have allowed determination of CNVs at a large scale (48, 70) and at the single-gene level (15) as well as SNVs of a single cancer cell (18, 70, 75) , in primary tissue, or in CTCs in blood (9, 39, 49) .
A pair of companion studies used single-cell WGA and exome sequencing to examine tumor heterogeneity (25, 73) . These studies found hundreds of SNVs-which differ from cell to cell, revealing the genetic complexity of these tumors-and applied population genetic analysis to study their clonal composition. However, our independent analysis of these data indicates that the vast majority of these SNVs are due to sequencing artifacts or possibly contaminations, and only a handful, if any, may be attributed to true heterogeneity of the tumor samples (A. Chapman, C. Zong & X.S. Xie, unpublished results). Of the 711 tumor-specific SNVs reported in one of the studies (25), we found that 42% of them were actually present at a lower level in the normal tissue as well. These are likely to be SNPs that were mistakenly not identified in the normal tissue (false negatives) rather than tumor-specific SNVs.
Furthermore, 58% of the remaining SNVs reported were present in dbSNP, a database of germline mutations known to occur in the human population. Because new mutations in a tumor arise randomly, it would be highly unlikely that a significant number of them happen to coincide with known mutations present in the general population. Instead, an alternative explanation for these mutations could be contaminations from the operators or other human sources. Indeed, we observed that of those remaining SNVs not found in dbSNP, 84% were found in unrelated samples-either normal control cells from the same study or cells from the companion study. In summary, more than 96% of the SNVs identified as being tumor specific in that report (25) appear likely to be contaminants or sequencing artifacts.
Measurement of Spontaneous Whole-Genome Mutation Rate
In calling SNVs from a single cell by WGA (24, 68, 73) , one challenge is high false negative rates caused by allele dropout, and another is false positives associated with amplification and sequencing errors (either random or systematic) (42) . heterozygous SNVs, Zong et al. (78) estimated that ∼49 mutations occurred in the 20 generations, yielding a mutation rate of ∼2.5 nucleotides per cell generation, which is consistent with the estimate based on the bulk data. At this rather slow spontaneous mutation rate, cancer development would take long time. What happens at the very beginning of cancer development has been a long-standing question, and single-cell WGA is well suited to help answer it.
Does Copy-Number Variation Precede Single-Nucleotide Variation?
In a bulk tissue sample at an early stage of cancer development, detection of abnormal CNVs is often difficult, especially when the number of cells with abnormal CNVs is small. Single-cell genomic analysis is essential in evaluating the relationship, if any, between CNVs and SNVs. Figure 12 shows such data for the COSMIC gene KCNB1, which encodes an ion channel. These data indicate that the CNV in APC precedes the SNV in colon cancer development, at least in the particular colony examined.
Furthermore, we found that the single cells from the same adenoma exhibited CNV patterns reproducible among all the cells, indicating that these cells might be derived from a single stem cell in which the CNVs first arose. Thus, we have established a correlation between the SNVs and CNVs and propose that the SNVs are generated as a consequence of abnormal CNVs in the genome, or arise after the abnormal CNVs are acquired in the original populating cell. If confirmed to be general for driving SNVs, this result could have significant implications for the genesis of cancer. Suffice it to say that this experiment underscores the importance of single-cell genomics in understanding cancer.
Circulating Tumor Cells
Originating from primary tumors, CTCs enter peripheral blood and seed metastases, which account for 90% of cancer-related deaths. The genome sequencing of CTCs could offer noninvasive prognosis or even diagnosis but has been hampered by low single-cell genome coverage of scarce CTCs.
Ni et al. (49) applied MALBAC for WGA of single CTCs from lung cancer patients and observed characteristic cancer-associated SNVs and indels in exomes of CTCs. These mutations provided information needed for individualized therapy (53) , such as drug resistance and phenotypic transition, but were heterogeneous from cell to cell. Ni et al. (49) also discovered that, unlike the highly heterogeneous point mutations, the CNV patterns of CTCs are reproducible from CTC to CTC within a patient and even within different patients of the same cancer type, but are distinctly different among different cancer types (Figure 13) . Furthermore, the reproducible CNV patterns of CTCs are similar to those of the metastatic tumor. This result raised intriguing questions about the genesis of metastasis. It is evident that gains and losses in copy numbers of certain chromosome regions are selected for P7_1  P7_2  P1_4  P1_6  P1_1  P1_2  P1_5  P1_7  P1_3  P1_8  P3_5  P3_2  P3_3  P3_1  P3_4  P2_3  P2_4  P2_5  P2_6  P2_1  P2_2  P6_1  P5_1  P5_2  P4_5  P4_4  P4_1  P4_2  P4_3   0   2   4   6   7  20 22  14  Y  19  8  Chromosome 1  11  6  17  21  16  18  3  12  15  X  4  2  9  1 3 metastases. The finding that the CNV patterns of CTCs are cancer or tissue dependent offers the potential for noninvasive cancer diagnosis based on the CNV patterns.
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